Associated U n i v e r s i t i e s , I n c . , Upton, NY 11973 USA I n t r o d u c t i o n A beam s c r a p e r u s i n g a l i n e a r motor d r i v e has been developed f o r use i n t h e AGS a t Brookhaven N a t i o n a l Laboratory.
I n t r o d u c t i o n
A beam s c r a p e r u s i n g a l i n e a r motor d r i v e has been developed f o r use i n t h e AGS a t Brookhaven N a t i o n a l Laboratory.
The d e v i c e i s used t o measure beam s i z e by moving a t a r g e t t o a predetermined l o c a t i o n and measuring t h e i n t e r c e p t e d beam w i t h nearby l o s s monitors o r by n o t i n g t h e d e c r e a s e i n t h e c i r c u l a t i n g beam c u r r e n t . T h i s d e v i c e has e x c e l l e n t vacuum c h a r a c t e r i s t i c s , a s t h e motor and s e n s o r c o i l s a r e o u t s i d e t h e vacuum, coupled magn e t i c a l l y t o t h e moving p a r t s w h i c h , a r e i n s i d e .
There a r e no bellows o r dynamic s e a l s r e q u i r e d . The p o s i t i o n -t i m e p r o f i l e i s c o n t r o l l e d by a closed-loop s e r v o system which u s e s p o s i t i o n feedback.
Design Goals
The o l d beam s c r a p e r s a t t h e AGS, known a s t h e " f l i p t a r g e t s " , have been used f o r beam s i z e measurements and f o r c l e a n i n g up small amounts of beam halo.
These t a r g e t s , which a r e t h e descendants of t h e i n t e r n a l t a r g e t s once used f o r t h e p r o d u c t i o n of secondary beams, have s e v e r a l shortcomings.
They h i t a mechanical s t o p t o determine t h e i r p o s i t i o n , s t r e s s i n g t h e t a r g e t . T h i s p r e c l u d e s t h e u s e of b r i t t l e r e f r a c t o r y m a t e r i a l f o r t h e t a r g e t and t h u s l i m i t s t h e amount of beam t h a t may be i n t e r c e p t e d w i t h o u t melting t h e t a r g e t .
The motors t h a t f l i p t h e t a r g e t i n t o t h e beam a r e i n s i d e t h e vacuum and a r e expected t o be a s e r i o u s s o u r c e of o u t g a s s i n g a s t h e AGS vacuum i s improved.
The new beam s c r a p e r i s designed t o be comp a t i b l e w i t h o p e r a t i o n i n a vacuum of lo-' Torr. It must be a b l e t o f u n c t i o n a f t e r a l i f e t i m e r a d a t i o n dose of about lo' r a d s , and have a l i f e of some l o 7 o p e r a t i o n c y c l e s b e f o r e f a i l u r e o r l e a k i n g . The p o s i t i o n a l accuracy of t h e t a r g e t should be w i t h i n 0.15 min i n o r d e r t o measure t h e AGS beam, which r e a c h e s a minimum s i z e of about 1.5 mm rias. The o p e r a t i o n a l c y c l e r e q u i r e s t h a t t h e t a r g e t be o u t s i d e t h e dynamic a p e r t u r e of t h e AGS d u r i n g inj e c t i o n and come i n q u i c k l y a t t h e d e s i r e d time t o i n t e r c e p t t h e beam, which may be moving o r changing s i z e r e l a t i v e l y r a p i d l y .
The motion needed i s t y p i c a l l y 30 mm, i n a t i m e of 0.05 s e c o r l e s s .
L i n e a r Motor
The l i n e a r motor, shown i n F i g u r e 1, provides a s i m p l e , c o s t e f f e c t i v e s o l u t i o n t o t h e s e d e s i g n requirements i n t h e f o l l o w i n g manner. F i r s t , i t i s an i n h e r e n t l y high-speed d e v i c e .
L i n e a r motion i s i n i t i a t e d d i r e c t l y ; t h e r e a r e no g e a r s , l e v e r s , o r cams.
The f o r c e i s caused by t h e f l u x of a permanent magnet c u t t i n g through t h e c u r r e n t of a c o i l , much l i k e t h e a c t i o n of a s p e a k e r v o i c e c o i l . I n t h i s c a s e , however, t h e c o i l i s s t a t i o n a r y and t h e magnet moves, a l l o w i n g t h e c o i l t o be o u t s i d e t h e vacuum and t h e moving permanent magnet i n s i d e . The l i n e a r motor, u n l i k e a s o l e n o i d , i s b i d i r e c t i o n a l ,
has a uniform f o r c e over i t s e n t i r e range, and t h e t r a v e l can be made a s long as needed.
Beam s c r a p e r assembly ( n o t t o s c a l e ) .
-*Work performed under t h e a u s p i c e s of t h e U.S. Department of Energy.
Seals
Sliding seals at high vacuum levels are considered unsatisfactory, and bellow seals are not compatible with the high speed, long travel, and long life needed.
With the linear motor magnetically coupled through the wall of the vacuum chamber, all moving parts are entirely inside the vacuum and no moving seals are needed.
Position Sensing
The position of the moving assembly is measured with a linear variable differential transformer (LVDT).
The core of the LVDT is attached directly to the shaft that guides and supports the permanent magnet armature.
The LVDT can resolve motions of the order of 0.01 mm, although the overall accuracy and linearity is of the order of 0.1 mm. The LVDT, like the motor, uses magnetic coupling through the vacuum wall and has its electrical coils outside the vacuum.
Radiation Tolerance
The samarium-cobalt magnetic material (CRUCORE 2 2 , 2:17) can be expected to lose less than one percent of its strength with a radiation dose of lo9 rads.l The insulation of the coils has been selected to be resistant to this dose also. The control electronics are about 50 meters away, outside the radiation area.
Life

-
The device has only one moving part which weighs approximately 0.25 kg and is supported by two linear ball bearings.
The bearings are lubricated by molybdenum disulfide and have a projected life of over 1 0 ' cycles. Since there are no dynamic seals, leaks are unlikely. A possible failure mode is a structural failure resulting from a control malfunction or operator error where the motor is slammed at full power into the stops.
To guard against this, a series of cone spring washers is incorporated into the stops in both directions to limit the shock loads to 100 lbs.
The unit has purposely been repeatedly impacted into the stops without a failure.
Servicing
The motor stator and LVDT coils can be removed easily without breaking vacuum. The entire device can be removed from the vacuum vessel by removing six conflat seal bolts.
The target itself can be replaced by removing a viewing window.
Motion Control
The block diagram of the control system is shown in Figure 2 . The system is basically a closed loop servo which follows the desired position-time profile. The feedback loop includes a single pole/ zero filter for bandwidth and phase margin control. For faster response, it is necessary to "feedforward" an acceleration signal s o a large motor drive can be generated immediately without waiting for a large position error to develop.
A 20 kHz switching amplifier is used., which can deliver peak currents of over 20 A to the motor, giving a force of 4 kg and an acceleration of about 16 g's (160 m/s2).
Because the motor is wound on a conductive bobbin, it is very lossy at the 20 kHz switching frequency and can get overly hot even when n o t moving.
The series choke reduces the current swing and renders the idle heating negligible. The arrangement shown, using a split choke with the motor balanced between the amplifier outputs, minimizes the capacitive coupling of the 20 kHz switching transients to the vacuum pipe (and thus to other systems -in particular, the LVDT). 
Protection
The amplifier must be capable of delivering high instantaneous power to the motor--up to 1500 W--in order to start and stop the target quickly. The steady state capacity of the motor, however, is only 30 W, s o great care is necessary to avoid damaging the motor in some fault situation.
The system here has several levels of temperature sensing and protection.
At the lowest level, the computer will refuse to initiate a jump if the temperature of the motor is above 50 C. The ultimate protection against failure of the controls or amplifier is a slo-blo fuse and a Klixon thermostat on the motor.
Performance
The system can reliably execute an acceleratedecelerate cycle which travels 20 mm in 40 ms, giving a peak speed of 1 m/s.
Longer travels are achieved by coasting at the peak velocity. With one setting of the feedforward parameters used for all travel lengths, the overshoot and ringing is in the range of 0.1 -0.2 mm. The excursion can be done in about 60% of these times, but this requires careful tuning of the feedforward parameters to achieve a small overshoot.
It should be noted that for an application like beam profile measurement a moderate overshoot is inconsequential as long as the maximum travel is measured.
The l i n e a r motor and LVDT combination may a l s o f i n d u s e i n o t h e r vacuum p o s i t i o n i n g a p p l i c a t i o n s , such a s f l a g d r i v e s .
I f t h e speed requirements a r e r e l a x e d , much l e s s power i s needed and a s i m p l e r c o n t r o l system w i l l s u f f i c e .
Beam P r o f i l e Measurement
The beam p r o f i l e , as shown i n F i g u r e 3 , i s measured by i n s e r t i n g t h e t a r g e t v a r i o u s d i s t a n c e s i n t o t h e beam (on s u c c e s s i v e AGS p u l s e s ) and r e a d i n g t h e f r a c t i o n a l l o s s of c i r c u l a t i n g beam c u r r e n t . F i g u r e 4 shows t h e t a r g e t p o s i t i o n and beam c u r r e n t VS. time d u r i n g t h e o p e r a t i o n of t h e t a r g e t t o g e t one such d a t a p o i n t .
The r e s u l t s h e r e use o n l y t h e beam c u r r e n t t r a n s f o r m e r .
The measurements may be continued f u r t h e r o u t i n t h e t a i l of t h e beam by d i r e c t l y d e t e c t i n g t h e s c a t t e r e d p a r t i c l e s a l s o . The i n t e r p r e t a t i o n of t h e bean l o s s p r o f i l e s depends on t h e dynamics of t h e beam. A t a r g e t posit i o n e d a t a d i s t a n c e x from t h e e q u i l i b r i u m o r b i t removes a l l p a r t i c l e s w i t h a n e m i t t a n c e g r e a t e r t h a n x2/f3.
I f t h e beam d i s t r i b u t i o n is Gaussian w i t h width U , t h i s g i v e s a l o s s p r o f i l e shaped l i k e I f t h e r e i s l i n e a r coupling between t h e h o r i z o n t a l and v e r t i c a l b e t a t r o n motions t h e normal modes of o s c i l l a t i o n a r e no l o n g e r e x a c t l y h o r i z o n t a l and v e r t i c a l , b u t a r e t i l t e d , and e i t h e r a h o r i z o n t a l o r v e r t i c a l t a r g e t a l o n e shaves o f f beam p a r t i c l e s beyond a c e r t a i n e m i t t a n c e i n b o t h normal modes. T h i s i s analyzed i n Reference 2.
I f t h e normal modes a r e t i l t e d a t an a n g l e 8 from t h e h o r i z o n t a l and v e r t i c a l d i r e c t i o n s , and t h e bean has u n i t U i n both modes, a t a r g e t a t a d i s t a n c e x from t h e bean c e n t e r i n t e r c e p t s h i g h e m i t t a n c e p a r t i c l e s from both modes and g i v e s a l o s s p a t t e r n 0 The d a t a i n F i g u r e 3 a r e f i t t e d t o Eq. 2 t o determine U and 8 .
Also shown f o r comparison i s a curve c a l c u l a t e d w i t h t h e same U but w i t h 8 s e t e q u a l t o z e r o (no c o u p l i n g ) .
A s e r i e s of such measurements a t d i E f e r i n g momenta throughout t h e AGS c y c l e r e q u i r e s t h e e x t r a paratoetor ( 8 ) of Eq. 2 t o g i v e good matches t o t h e d a t a , b u t t h e n t h e r e s u l ti n g widths g i v e a n uniform normalized e m i t t a n c e .
The presence of coupling adds a s i g n i f i c a n t complication t o d e t e r m i n i n g t h e beam e m i t t a n c e w i t h t h e t a r g e t . Work i s c o n t i n u i n g t o understand i t and c o r r e l a t e i t t o o t h e r measures of tune and coupling. However, f o r deteriuining a p e r t u r e requirements f o r e x t r a c t i o n equipment ( f o r example), t h e beam l o s s p r o f i l e measured w i t h t h e t a r g e t i s d i r e c t l y a p p l ic a b l e s i n c e i t a u t o m a t i c a l l y i n c l u d e s t h e s e complic a t i o n s i n t h e a p p r o p r i a t e way.
